While we have started down the path towards a global transition to a green economy, as with most things we began with the "low-hanging fruit," such that increasingly difficult material and chemical conversions remain. Coking is one such example; it is unlikely that steel production will transition away from using coking coal anytime in the near future, such that coking wastewater remains a global environmental challenge. However, we can develop greener methods and materials to treat such waste. The present work demonstrates how wheat straw, an abundant agricultural residue, can be co-pyrolyzed and coactivated with coal fly ash to produce a high surface area biochar. Coal fly ash has previously been shown to promote devolatilization and deoxygenation of pyrolyzed biofuels. This work shows how coal fly ash increases microporosity as well as aromaticity of the surface functional groups, while decreasing carbonyl but preserving or only slightly decreasing ketones and carboxylic acids. rate is limited by an initial rapid uptake to fill available surface adsorption sites.
Introduction
Coke is critical to the production of steel, which in turn underpins the physical and economic foundations of much of the developed world.
1 Coke is most commonly sourced from coking coals (i.e. those that upon carbonization will soen, swell, and re-solidify into coke), for which over half of the world's supply resides in China.
2 Industrial cokes are polycrystalline graphite materials that are physically stable enough to withstand injection into the blast furnace, while being chemically reactive to reduce the iron oxides and carbon to be incorporated into the steel alloy.
3 This requires a highly pure carbon source, produced by heating coking coal over 1100 C in an oxygen-free environment. During this high-temperature pyrolysis process the gases devolatilized are recovered (usually in ammonia stills), leading to the production of scrubber water. This, in addition to wastewater generated from additional coke product recovery steps, represents coking wastewater (CW). The water contains a complex mixture of pollutants, including organics (phenolic compounds and polycyclic aromatics hydrocarbons) and inorganics (ammonia, suldes and heavy metals). [4] [5] [6] Most of these compounds are toxic, highly concentrated and carcinogenic. The production of CW therefore has long-term environmental and ecological impacts.
7,8
To treat CW, conventional treatment processes include extraction of phenolic compounds, then ammonia steam stripping, followed by biological treatment (anoxic-oxic and anaerobic-anoxic-oxic methods are common).
9 Biological treatment is the primary action; 94% of pollutants, as assessed by Chemical Oxygen Demand (COD), are removed during this process. 5 Due to the absorption of bacteria, the adsorption of activated sludge, and the co-precipitation with inorganic salts, 50-80% of the heavy metals initially present in the CW are concentrated in the activated sludge. Even newer technologies such as biological treatment followed by ultra-and nanoltration and/or reverse osmosis yield highly polluted concentrates. 10 Landlling, direct land application and agriculture uses are primary endpoints for activated CW sludge. 11 The contaminants present in the CW sludge may be adsorbed by plants grown on CW sludge-amended soils, or seep into groundwater supplies, representing a potential source of pollution. As such, the removal of heavy metals in CW prior to biological treatment could reduce the risk posed by activated CW sludge disposal.
Heavy metals can be removed from wastewater by a variety of treatments, including electrochemical Fenton processes, 12 adsorption onto activated carbons, nanostructured composites and hydrogels, 13, 14 coagulation and ion exchange, 15 
etc.
Adsorption is widely used in the eld of wastewater treatment; multiple papers have conrmed the ability to remove organic compounds in coking wastewater using activated carbon, coke dust and carbon nanotubes. [16] [17] [18] [19] A recent study proposed the use of a coal y ash-Kra cellulose composite to remove Cu +2 and Pb +2 (representative of coking wastewater contaminants) from water. 20 The selection of a suitable adsorbent is key to deployment of adsorption as a separation technique. The biggest barrier to the implementation of adsorption systems relying on commercial adsorbents is the high price and cost of regeneration of such sorbents. Biomass-based adsorbents can remove toxic metals from wastewater. 21 Biochar is a pyrogenic carbon-rich material, derived from the pyrolysis of biomass in an inert atmosphere.
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The use of biochar as an environmentally friendly, low cost adsorbent to remove organic and inorganic contaminants from aqueous solutions is an emerging and potential wastewater treatment technology, which has been demonstrated in many previous studies.
23 -31 In a recent paper, Zhou et al. proposed using pyrolyzed CW sludge as an adsorbent for CW. 32 However, pyrolyzed biomass -biochar -tends to have a considerably lower surface area and adsorption capacity than activated carbon, 33 which renders its use in large industrial processes difficult given adsorption bed size requirements. Our group recently demonstrated that it is possible to enhance the adsorption capacity of even low-temperature biochars with the addition of a clay mineral such as bentonite to the biomass, prior to pyrolysis. 26 Coal y ash (FA) contains many similar catalytic "ingredients" to such clays, including Al 2 O 3 , Fe 2 O 3 , K 2 O, CaO, MgO, Na 2 O, oen supported on an SiO 2 matrix. 42 Over 100 million tons of FA, the result of coal-burning in power stations and other industrial sources, 43 are produced annually. Much of this FA is deposited in containment ponds, posing health, safety and environmental risks. 44 Finding a benecial use for this waste material would mitigate such risks and improve the economics of biomass-based adsorbents. Fly ash-biochar composites have been used as soil amendments with enhance nutrient retention above biochar alone.
45
Wheat straw (WS) was identied as a potential biomass source as it is an abundant agricultural waste in both China and the United States, where large amounts of CW exist due to steelmaking and petroleum rening operations. [46] [47] [48] While WS can be combusted as a solid fuel, it requires pre-treatment to remove potassium and alkali metals that cause slagging and fouling. 49 Yet, WS pyrolysis is potentially catalyzed by the presence of such alkalis, and, as we recently demonstrated, is catalyzed further by the presence of FA in two critical ways.
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First, the temperature at which many non-condensable gases are released was lower with the inclusion of the FA, which would be benecial to the net energy balance of the process. Second, the condensable pyrolysis bio-oil produced was lower in oxygenated components and the non-condensable fraction was higher in CH 4 when FA was used as an in situ catalyst.
As such, the aim of this study was to evaluate the potential for biochars and activated carbons made from WS amended with FA to be used as sorbents to remove heavy metals from CW. This would further increase the economic viability of the potential waste-to-biofuel conversion of wheat straw by creating a value-added byproduct and reduce the environmental impact of coking by producing a sustainable adsorbent material.
Materials and methods

Sample preparation
WS was supplied by Thunder Acres (Kansas, USA) purchased through http://www.Amazon.com. Upon receipt, it was ground and sieved to a particle size fraction of 100 to 300 mm. Wheat straw (and indeed all biomass) samples vary by region due to soil, climate, species, etc. A brief survey of literature values for proximate and ultimate analysis shows that the wheat straw used in this study, sourced from the USA, is similar in carbon and elemental content to others sourced from India 51 and Canada. 52 On average, wheat straw from China shows slightly higher ash and lower elemental carbon/volatile matter but similar oxygen content to the U.S. sample used here 53 (additional information available in ESI †).
FA was supplied by a power plant using 50 MW boilers located in New Hampshire (USA). The coal was a blend of highvolatile bituminous coals from Venezuela and Columbia with higher heating values between 22 000 to 28 000 kJ kg À1 . FA particles were all less than 150 mm in diameter, with most below 70 mm. A full characterization of these FA and WS samples were published previously in the context of biofuel production, including an inorganic elemental analysis. 50 As necessary, ultimate analysis results are provided alongside the produced biochar samples to enable assessment of changes due to pyrolysis and activation. Similar to cautions over the wheat straw samples, coal is a heterogeneous solid and varies by region. FA composition and morphology varies based on both raw coal feedstock and combustion/collection conditions. The bituminous coal used here is similar in terms of proximate and ultimate analysis to many Chinese bituminous coals (data in ESI †). 54, 55 In addition, the inorganic elemental distributions in the coal y ash for the coal used in this study compares very similarly -especially in terms of Al, Ca, Fe, K, and Mg contentsto Chinese, Polish, Canadian and U.S. red coals (see ESI †). 43, [56] [57] [58] As these are the minerals to which we would expect to see the greatest adsorption enhancement, comparable contents suggest the data produced here are transferable to other y ash systems.
Blends of the biomass and FA ($20 g each) were made by measuring the respective components on a semi-microbalance to the 0.1 mg directly into a clean glass vial at ratios of 5 wt% y ash (20 : 1 WS : FA) and 10 wt% y ash (10 : 1 WS : FA) by weight. Samples were homogenized on a vortex mixture.
Given the inherent variability of biomasses this paper presents a new concept of waste to by-product conversion for agricultural residues and coal y ash for the removal of heavy metals from water, but materials-specic research should be conducted for specic applications of the proposed technology to ensure optimal processing parameters and ranges are identied.
Preparation of biochar and activated carbon
The biochars were prepared by pyrolyzing raw WS and WS-FA blends in an inert nitrogen environment (120 mL min À1 ow rate, controlled by an Omega mass ow controller) in a 2 00 MTI tube furnace. Approximately 1.5 g of each sample was loaded into a porcelain boat and inserted into the quartz tube. The samples were heated in nitrogen to 110 C and held at that temperature for 30 min to remove residual moisture, and then heated at a rate of 10 C min À1 to 650 C and held for 1 h to produce the biochar. Samples were cooled under owing N 2 to prevent oxidation. A second set of samples were physically activated by rst pyrolyzing as above, then immediately increasing the temperature to 800 C at 10 C min À1 . When the reaction temperature reached 800 C, CO 2 was introduced into the reactor and the sample was held for 30 min under CO 2 , before cooling to ambient temperature under N 2 to prevent oxidation of the sample.
Characterization of biochar and activated carbon
Surface area, pore volume and mesoporous of biochars and activated carbons were obtained by nitrogen adsorption isotherms at 77 K (BELSORP-max ver 2.1). A sample of approximately 0.3 g was used for each analysis. The samples were degassed at 180 C for 6 h prior to analysis. The surface area was calculated using the BET equation. 62 The total pore volume was determined under a relative pressure of 0.99. The mesoporous volume were calculated by the Barrett-Joyner-Halenda (BJH) model. 63 Proximate analysis was performed on a Mettler Toledo TGA-DSC-1 thermogravimetric analyzer (TGA). Briey, samples were heated under N 2 (50 mL min
À1
) to 110 C and held for 30 minutes to remove moisture, then heated to 900 C and held for 60 minutes (loss due to volatile matter) followed by heating to 950 C under air (loss due to xed carbon, residual matter is inorganics/ash). Analyses were repeated thrice with average AE standard deviations reported. The surface morphology of biochars and activated carbons was examined using a Zeiss Supra 55VP eld scanning electron microscopy (SEM). The surface elemental analysis and oxygen functional group determination was performed on an X-ray photoelectron spectrometer (XPS) surface analysis system (ESCALAB 250Xi, America). For the XPS analyses, the photoelectrons' take-off angle was 90 C and the spot size was 900 mm. The survey scan spectra were recorded at 100 eV with an energy step of 1.00 eV. High resolution spectra were recorded with 20 eV, and an energy step of 0.05 eV. The data analysis was performed with XPS peak t soware, applying a smart type background subtraction and Gaussian/Lorentzian peak shapes. The binding energies were corrected by setting the C 1s hydrocarbon (-CH 2 -CH 2 -) peak at 284.6 eV.
Adsorption of contaminants from aqueous solution
Adsorption experiments were conducted to determine the potential for using the biochars and activated carbons produced to remediate heavy metals from simulated CW. In general, coal contains a variety of heavy metals whose identity and concentration vary by mine and region. 64 To select a set of representative heavy metals to study, a sample of raw CW was collected from a coke plant in inner Mongolia prior to any treatment, and analyzed via inductively coupled plasma mass spectrometry (ICP-MS; PerkinElmer Optima 8300). The wastewater was found to contain statistically signicant quantities of Co, Mn, Ni, Zn and Se (though as high-energy He mode was not available, we mention the presence of Se but do not use it in adsorption experiments given issues with quantication due to the Ar-Ar dimer interfering with Se concentrations). ICP-MS results are provided in ESI. † These four metals were present in both the coking wastewater and in the water following biological treatment, such that adsorption results are applicable to treating both pre-and post-biologically treated samples. Metals detected here were also found in varying concentrations across coal wastewater and contaminated water streams, including: CW samples from Shanxi Province, 65 water contaminated from coal slurry in the United States, 66 water sampled from coal mines in India, 67 and in water eluted through in situ gasied coal mines in Poland. 68 As such, while there is considerably heterogeneity in all waste systems, the four metals used in this study represent a cross-section of industrial coal waste systems. The concentrations used ranged from 10 mg L À1 to 500 mg L À1 .
The vials were agitated for 24 h on an orbital shaker at 190 rpm. Solutions were ltered using a 0.45 mm hydrophilic syringe lter and were diluted using concentrated nitric acid to a 2% HNO 3 matrix to prepare for analysis via ICP-MS. Adsorption isotherm behaviors of the heavy metals were evaluated using Langmuir, Freundlich, and Temkin adsorption isotherms, given by eqn (1), (2) , and (3), respectively:
Langmuir:
where q e is the equilibrium adsorption capacity (mg g À1 of metal/biochar), q m is the maximum adsorption capacity of the solid adsorbent in mg g À1 , C e is the concentration of adsorbate in the biochar/activated carbon at equilibrium (mg g À1 ), and K L is an equilibrium partition coefficient. Freundlich:
K F is a distribution (partition) coefficient and n is a correction factor loosely related adsorption favourability (0 < n < 1 adsorption being favourable, n ¼ 1 suggesting that phase partitioning is independent of concentration 69 ). Freundlich isotherms are usually thought to represent systems with homogeneous surfaces where capacity is independent of surface (mono-or multilayer) coverage, whereas Langmuir isotherms represent monolayer surface coverage (and thus a more chemically inclined adsorption mechanism due to occupation of surface binding sites).
Temkin:
R and T are the universal gas constant and absolute temperature, respectively. K T is also an equilibrium partition coefficient and b is a factor that accounts for adsorbent-adsorbate interactions. The Temkin isotherm assumes that there is a uniform distribution of binding energies that decreases linearly as the surface of the adsorbent becomes increasingly covered, such that adsorbate coverage ability also so decreases. Adsorption kinetic experiments were carried out using an initial concentration of 100 mg L À1 of each metal in a 150 mL stoppered Erlenmeyer ask with 0.1 g adsorbent in 40 mL of solution at room temperature. Samples were withdrawn at time intervals of 1, 2, 5, 10, 20, 30 min and 1, 2, 4, 8, 12 h, ltered and diluted as described above. Kinetic behaviors were evaluated using pseudo rst order, pseudo second order and intraparticle diffusion models (eqn (4), (5) and (6), respectively). Pseudo rst order:
Pseudo second order:
Intraparticle diffusion:
q t and q e are the amount of heavy metal adsorbed onto the adsorbent at time t and at equilibrium, respectively; k 1 , k 2 , and k i are adsorption rate constants for each model and D is an empirical constant whose distance from the origin, some have suggested, indicates the degree to which boundary layer
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Concentrations of each metal following acid dilution were examined using ICP-MS on an Agilent 7800 using He at 5.0 mL min À1 . All samples were analyzed in immediate succession, with the instrument optimized using a 1 mg L 
Results and discussion
The overarching goal of this work was to determine if heterogeneous biochars and/or activated carbons -comprised of a readily available agricultural waste biomass and FA -could serve as sustainable adsorbents for the removal of heavy metals from simulated CW.
Physical and chemical characteristics
The textural characteristics of adsorbents produced are shown in Table 1 . In this found for biochars from similar agricultural feedstocks pyrolyzed at "lower" temperatures. 71, 72 Interestingly, the FA has a positive impact on surface area for the 5 wt% ratio, but does not have the same result at 10 wt%. Given the substantial overall decrease in volatile matter content for the 20 : 1 versus 10 : 1 WS : FA (from 23 to 13 wt%), it may well be the case that the FA is occupying "too much" of the biomass' surface area. As Fig. 1 shows, the spherical coal y ash particles are present in considerably higher numbers on the 10 wt% FA sample than the 5 wt% sample. While it is well known in the eld that char pores can become blocked by tar components, 73 the decrease in volatile matter and lack of tar deposits on SEM images suggest that it is not a tar condensation issue, 74 but rather a result of the presence of FA.
As a result of CO 2 activation, the three activated carbon samples showed surface areas and pore volumes at least an order of magnitude higher than the pyrolyzed samples. The pore volumes of the activated carbons were more than 10 times larger than those of the biochars, but the mesoporous volumes were only 2 times larger than pyrolyzed chars. This suggests that the CO 2 activation removes volatile matter, forming a microporous structure as a result of the Boudouard reaction, 75 which in the case of the 5 wt% FA, may be catalyzed, as seen in prior work investigating pyrolysis gas yields of FA and clay mineral impregnated biomasses.
26,50
Table 1 also shows the results of elemental analysis performed by XPS (wide energy spectra of chars available in ESI †). The biochars and activated carbons fabricated in this study had oxygen contents of between 17 and 20% and elemental carbon contents between 69 and 75%. The activation step, in conjunction with FA addition, resulted in lower oxygen content of the corresponding activated carbons than the pyrolyzed biochars, while the carbon content has an opposite trend. This may be due, in part, to higher temperatures resulting in the loss of oxygen/acidic functional groups (such as -COOH).
76 Thermal decomposition is known to reduce oxygen content and improve alkalinity. 77 The FA appears to enhance solid matrix devolatilization and formation of gas. In prior work, we demonstrated that during the extraction of pyrolytic biofuels from y-ash incorporated biomasses, the carbon dioxide in pyrolysis gas increases as the FA concentration increased. 79-81 respectively. XPS analysis showed the presences of these groups on the surface of all chars, conrming the existence of ketones, aldehyde, carboxyl acids, amides, esters and lactone groups 78, 82 (spectra in ESI †). XPS peak t analysis was applied to calculate the relative are (directly related to concentration) of these four groups.
From Fig. 2 , we see that the aromatic C-C and/or C-H of the surface groups increased as the ratio of FA increased upon pyrolysis, as well as for the CO 2 activation. This is expected; incomplete combustion and partial oxidation can result in the formation of aromatics within carbonaceous material 83 as recently reported for biochars and activated carbons derived from olive mill waste and municipal solid waste. 27, 84 Oxygen containing functional groups like C-O, C]O and O]C-O decreased in relative area as the ratio of FA increased for both biochars as well as activated carbons. The FA appears to enhance the degree of aromatization, but signicantly decreases the relative concentration of carbonyl groups while preserving or modestly decreasing ketones and carboxylic acid nature. This may relate to the enhanced deoxygenation of biofuels previously found for co-pyrolysis of biomasses and FA, and suggests that the surface chemistry of biochars can be mediated using FA as an additive.
There is some discord in the literature concerning the effect of CO 2 activation on "pure" biomass biochars. For example, Jung and Kim reported the same effect for O-H and C]O groups present in oak samples and biochar produced under mild carbonization conditions that were not visible (in FTIR spectra) of the corresponding CO 2 activated carbons. 75 Conversely, Niazi et al. report that activated carbons are rich in acidic functional groups as measured by Boehm titration. 78 Our group found that activated carbons derived from olive mill waste and MSW showed strong FTIR absorption between 1750 and 1650 cm À1 and between 1500 and 1450 cm À1 , which suggest high concentrations of -C]O groups. 27, 84 As such, the variation of surface functional groups is not only strongly inuenced by the activation conditions, but also by the nature of the biomass and any heterogeneous components. The C-O concentrations in the WS-only biochar is slightly higher than the corresponding activated sample, while the C]O and O]C-O groups decrease substantially upon activation. While the CO 2 will partially oxidize the sample during activation, the higher temperature of activation over pyrolysis (800 vs. 650 C for biochar) would explain this decrease in oxygen moieties due to enhanced devolatilization and cracking reactions leading to oxygen liberation. 85, 86 Prior work demonstrates that such reactions are enhanced by the presence of in situ catalysts such as clay minerals and coal y ash. 26, 50, 85, 87 3.3 Applicability of bio-sorbents to wastewater treatment Kinetic and isotherm studies were carried out to gauge the potential for these heterogeneous carbonaceous systems to be used for the adsorption of heavy metals from CW. The kinetic data shows a rapid initial uptake followed by asymptotic approach to equilibrium, reached within 24 h (example kinetic data in Fig. 3a ; all data available in ESI †). Pseudo-rst order, pseudo-second order, and the intraparticle diffusion models were applied to t the kinetics data (all model results available in ESI †). Among the three kinetics models investigated, the pseudo-second-order model best described the experimental data with signicantly higher correlation coefficients (R 2 > 0.98 for all heavy metals/samples; data in ESI †) than the other two models. Fig. 3b shows the pseudo-second order rate constant for each metal adsorbed to each char sample. An example of the kinetics data t to the intraparticle diffusion model for AC_WS_FA (10 : 1) is shown in Fig. 3c . The regression line of each heavy metal does not pass through the origin; instead each char and metal have an intercept positive and greater than 2 mg g À1 . This behavior is likely due to both the porosity and surface chemistry of the chars. Prior studies suggest that larger intercepts indicate a higher contribution of the surface adsorption to the rate-controlling step under such wide porosity distributions. 70, 88 Pelekani and Snoeyink reported that increasing the micropores of activated carbon increases the rate of adsorption of Congo red dye. 89 In the present work, the samples become signicantly more microporous upon carbonization (Table 1) . Given the results in Fig. 3b and d , it appears that the increase in microporosity (and surface area, total pore volume) corresponds to the initial rapid uptake rate and this initial rate mediating the overall faster rate of adsorption. D for the Co for all chars was higher than the other metals. In addition, the four heavy metals show signicantly different uptake rates and intraparticle diffusion coefficients to each of the activated samples. The rates of adsorption to the 5 wt% FA sample are higher for the Co and Ni samples, but slower for the Mn and Zn samples. Similar rapid preferential adsorption rates for Ni are seen for a variety of agricultural-derived biochars.
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These differences in uptake rates (initial and overall) may be due to a balancing act between Co having a smaller ionic radius than Mn and Zn, which facilitates interstitial transport. The ionic radius of Co is larger than Ni, but Co has a lower electronegativity and hydration energy than Ni, which may promote adsorption.
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Adsorption isotherm experiments showed total metal adsorption capacities ranging from 70 to 130 mg metals per gram char , as shown in Fig. 4 . The overall adsorption capacity of the activated samples was higher than the pyrolyzed samples.
While all the initial concentrations of each metal in each experiment were the same (all made from a stock solution of equal concentration), we see that every char had a considerably higher capacity for Co than any other metal. This may be due to the higher rate of adsorption for the Co, which more rapidly accesses and lls available surface adsorption sites, leading to a higher capacity. The FA does not have a signicant impact on the adsorption capacity of the pyrolyzed samples, but it does increase the total metal adsorption capacity of the activated chars by 10-12%. The 5 wt% FA mixture has a higher capacity for adsorption than the 10 wt% FA samples. As discussed previously, this might be the FA occupying "too much" of the biochar's surface area, diminishing the ability for the metal ions to access the volatile matter and/or blocking pores. As seen for adsorption rates, the FA appears to also have a metal-specic effect -its presence decreases the adsorption capacity of the manganese and nickel ions but increases the cobalt and zinc adsorption capacity. The relative decrease of the Mn and Ni capacity for the 5 wt% FA is less (in terms of absolute value) than the increase seen for Co and Zn, with changes for the AC_WS versus AC_WS_FA (20 : 1) of (À26%, 32%, À10%, and 21% for the Mn, Co, Ni and Zn, respectively). Conversely, the 10 wt% FA activated blends sees changes of (À38%, 20%, 1% and 28%, respectively). For the zinc ions, it appears that increases in pore volume and surface area are directly linked to capacity, whereas rate decreases due to decreasing acidic nature. Manganese capacity may also be linked to surface chemistry as it decreases as acidic nature decreases.
Overall, the Langmuir model was the best t for the experimental data for all metals/chars (all models' parameters available in ESI †). Both organic and inorganic adsorption behaviour to biomass-based activated carbons is oen well-described by Langmuir isotherms. 94, 95 This suggests a chemical adsorptionbased mechanism is responsible for such behaviour, where adsorbate metals form a monolayer of coverage on the sorbent surface. This aligns with the ndings from kinetics studies; a rapid uptake to the surface, followed by a slow approach to equilibrium depends more strongly on available surface area if coverage is a single layer than if a physical adsorption mechanism is at play.
Conclusions
While the world works to shi its energy generation portfolio away from fossil fuels such as coal to renewable fuels, such efforts require identifying biomasses that do not tax water or food supplies and catalysts that are low-cost and readily available. And while coal's use in electricity generation may be dwindling, coking coal remains (and will for the foreseeable future) a critical raw material, which generates a wastewater replete with heavy metal pollutants. The present work probed the ability to convert the heterogeneous biochar resulting from co-pyrolysis of y ash and wheat strew into a valuable byproduct to treat coking wastewater and other industrial coal water streams. Prior work demonstrated that a small addition of FA (at 5 wt%) to WS improves pyrolysis biofuel yields and fuel quality. Such mixtures have increased yields of key pyrolysis gases, including H 2 , CH 4 and C 2 H 4 . Here, we nd that a 5 wt% FA + biomass mixture does increase, modestly, the overall adsorption capacity of the resulting CO 2 -activated heterogeneous biochar versus the pure biomass-based char alone. However, a 10 wt% FA mixture has lower adsorption capacities than the 5 wt% mixtures. The same trends are found in terms of overall adsorption rate. This is likely due to a simultaneously increase in aromatic character and surface area/micropore volume. The presence of FA increases the degree of aromaticity of the surface functional groups, while decreasing carbonyl but preserving ketones. In summation, using up to 5 wt% FA during pyrolysis with WS improves biofuel yield and quality while enhancing the resulting heterogeneous biochar's adsorption capacity and rate of heavy metal removal from water, while providing a benecial reuse for y ash, a problematic solid waste.
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